This report discloses the electro-optic (EO) properties of a lead-free Bi 0.5 (K 0.33 Na 0.67 ) 0.5 TiO 3 (33BKNT) single crystal. The 33BKNT single crystal has near zero initial birefringence at room temperature and is optically isotropic. Moreover, the temperature dependence of the crystal's dielectric permittivity reveals its relaxor behavior. The 33BKNT single crystal shows a quadratic EO effect with an EO coefficient (Kerr coefficient) of 16 © 10 ¹17 m 2 /V 2 , which is higher than the Kerr coefficient in other lead-free EO materials at room temperature.
The network speed between the home field and the outer field (access network) has been increasing as more and more consumers begin to use digitalized devices at home. Miniaturized electro-optic (EO) modulators are considered as key devices for realizing the high-speed access network that can meet the consumers' future demands. The EO modulators fabricated from lithium niobate (LiNbO 3 , LN) single crystals 1)4) are currently used in access networks, 5)7) but modulators that operate at higher speeds would need materials with a higher EO coefficient than LN crystals can offer. Therefore, many developers are presently working to find new EO crystals.
Potassium tantalate niobate (KTa x Nb 1¹x O 3 , KTN) single crystals show high EO coefficients. The KTN had been expected to replace the LN single crystal as a new EO crystal. 8),9) However, the KTN needs a high driving temperature of over 50°C to exhibit such high coefficients. KTN's EO coefficient is very sensitive to temperature, which means that using this crystal involved an additional temperature control system with high accuracy to support the optical modulator, and this additional system enlarges the optical modulator. To create a more practical design, developers have been intensely studying lanthanumadded lead zirconate-titanate (Pb 1¹x La x Zr 1¹y Ti y O 3 , PLZT) transparent ceramics as materials for optical modulators. 10)13) However, lead is an environmental threat, so it should be replaced with lead-free materials in the future. Epitaxial barium strontium titanate (Ba 1¹x Sr x TiO 3 , BST) thin films also indicate a high EO coefficient 14) 16) but show high anisotropy that results in a difference in the transmittance between each crystal axis. The high anisotropy presents a barrier to realizing an optical modulator that uses BST. All materials mentioned above have significant shortcomings to becoming the next alternative EO material for optical modulators. Therefore, the search for a new, effective EO material modulator continues. It is a challenging search, because the new EO crystal must be i) non-toxic, ii) optically isotropic iii) a material with a high EO coefficient and iv) operable at room temperature.
Thus far, further development has concluded that a principle should guide this research on EO materials. One possible principle was reported by M. Didomenico and colleagues in a pioneer study. 17) They concluded that materials with high permittivity and spontaneous polarization should indicate high EO coefficients. However, this prospective tendency does not agree with the characteristics of relaxor materials. The relaxor materials show higher EO coefficient compared to other dielectric or ferroelectric materials with the same dielectric permittivity. 10)16) Given Didomenico et al.'s observations and our previous report, 18) we conclude that relaxors composed of heavy ions will have a high EO coefficient.
In this study, we focused on the Bi-based, perovskite-type, xBi 0.5 K 0.5 TiO 3 (1¹x) Bi 0.5 Na 0.5 TiO 3 (abbreviated as 100xBKNT) solid solution single crystal. Single crystals and ceramics have been intensively studied as potential lead-free piezoelectric materials. 19)23) In ref. [23] , the structural analysis revealed that 100xBKNT, which has a composition range of 0.22 < x < 0.30, is pseudocubic. In this study, we investigated the EO properties of the 100xBKNT single crystal with x = 0.33 [Bi 0.5 (K 0.33 -Na 0.67 ) 0.5 TiO 3 ; 33BKNT]. The 33BKNT single crystal had tetragonal symmetry but showed very low remanent polarization value, which means that the 33BKNT single crystal is close to being an optically isotropic. Furthermore, the 33BKNT single crystal is highly transparent and thus meets the above-mentioned four requirements. Therefore, we expect that the 33BKNT single crystal is a promising EO material for next-generation optical modulators.
The 33BKNT single crystal was grown by the solution growth technique with flux in an oxygen atmosphere (P O2 = 0.9 MPa) and at a high temperature (1070°C). The details of our fabrication procedure are described in ref. [23] . The single crystals were transparent with a yellow hue, as shown in Fig. 1 . Their dielectric permittivity was measured at different frequencies (1 kHz to 1 MHz) as a function of temperature, ranging from room temperature to 650°C, using an impedance analyzer (4294A, Agilent Tech.) and a furnace for temperature control. The EO effect of the 33BKNT single crystal with a rectangular shape of 0.5 © 1 © 1 mm 3 was measured as a function of the external electric field E = 4.4 kV/cm. Then, the EO coefficient was evaluated according to the transmitted light intensity (I) and then normalized to the reference light intensity (I 0 ) vs. the applied electric field curves. A linear polarizing light does not change its polarizing state after passing through an optically isotropic medium, so it gives rise to I/I 0 = 0 at the extinction position. Therefore, I/I 0 measured at the extinction position reveals information about the degree of the sample's birefringence. The retardation ª can be calculated using the following equation,
where º is the analyzer angle. 24) From the definition, the retardation can be also represented by,
where l is the light pass length, is the wavelength and ¦n is the initial birefringence. From Eqs. (1) and (2), we obtained the following relation,
The EO effect is an electrically induced birefringence and normally consists of the linear effect (Pockels effect) and the quadratic effect (Kerr effect). The Kerr effect gives a nonlinear change of birefringence with an electric field. The retardation ª due to the Kerr effect is represented by
where n e , R c and E are the extraordinary refractive index, Kerr coefficient and amplitude of the applied electric field, respectively. If the electric field induced birefringence is defined as ¤(¦n), then the ¦n in Eq. (2) should be written as ¤(¦n). From Eqs. (2) and (4), the electric field-induced change in birefringence ¤(¦n) can be derived as
The electric field dependence of birefringence was fitted to Eq. (5) to evaluate the EO coefficient. Figure 2 shows the I/I 0 as a function of polarizer angles without applying the electric field that shows I/I 0 ¼ $ 0 at the extinction position º = 135°. These results indicate that the 33BKNT single crystal shows negligible initial birefringence at room temperature, so it is almost isotropic.
The temperature dependences of the dielectric permittivity at different frequencies appear in Fig. 3 . There are two local maxima, a lower T 1 and a higher T 2 temperature. hese maxima can be shifted by changing the measurement frequencies. For example, as the frequency increases, T 1 gradually shifts toward a higher temperature, and T 2 gradually shifts toward a lower temperature. Moreover, the dielectric permittivity shows clear frequency dependence below T 1 and above T 2 . These features of the temperature dependence of ¾ r are those of a ferroelectric relaxor. Figure 4 shows the variation of birefringence of the 33BKNT single crystal as a function of electric field. We observed the parabolic EO behavior that originates the from Kerr effect. With Eq. (5) Table 1 shows the Kerr coefficient of the 33BKNT single crystal and of comparable lead-free EO materials. The Kerr coefficient of the 33BKNT single crystal is higher than that of other lead-free EO materials except for the KTN single crystal. However, as mentioned above, the high Kerr coefficient of the KTN single crystal can only be attained at 50°C, which is over the Curie temperature of KTN. 8) Therefore, one can conclude that the 33BKNT single crystal shows the highest Kerr coefficient of all the tested lead-free EO materials at room temperature.
20)
In our previous report, 18) we discovered that EO materials with high EO coefficients have a tendency to indicate high dielectric permittivity. This tendency is explained by the equation for the quadratic EO effect, defined as
where P and g are polarization and the quadratic EO coefficient, respectively. The polarization is expressed as the function of dielectric permittivity,
From Eqs. (6) and (7), the variation of birefringence can be derived:
By comparing Eq. (6) with Eq. (8), one can derive the Kerr coefficient R c as
As can be seen in Eq. (9), the dielectric permittivity as well as the quadratic EO coefficient g influence the Kerr effect. The quadratic EO coefficient g is independent of dielectric permittivity. The g values of the 33BKNT single crystal and other EO materials are listed in Table 2 , which shows that the 33BKNT single crystal and lead lanthanum zirconate titanate ceramics exhibited a relatively high quadratic EO coefficient g. This tendency agrees well with our expectation in ref. [18] , so we can conclude that the materials composed of heavy metal ions have high g values. Nevertheless, further discussion is necessary and underway. In summary, the EO properties of the 33BKNT single crystal were investigated in this study. The tests demonstrated that this crystal is optically isotropic at room temperature. The crystal also exhibited relaxor behavior due to its thermal dependence on dielectric permittivity. The 33BKNT single crystal indicated the highest EO coefficient at room temperature of all the lead-free materials tested, reaching up to 16 © 10 ¹17 m 2 /V 2 . We expect that this crystal to be a promising material for optical modulators. 
